The ironmaking blast furnace is a counter current chemical reactor whose main purpose is to produce hot metal (pig iron) from iron oxides. In the furnace, five phases: gas, lump solids (iron ore, sinter, pellets and coke), liquids (pig iron and molten slag) and powders (tuyere injectants: pulverized coal, coke fines or dust from the lump coke) interact with one another. In order to evaluate productivity, energy efficiency and transient phenomena occurring in the blast furnace, a comprehensive two-dimensional transient mathematical model has been developed. The model was composed of conservation equations of mass, momentum, chemical species and thermal energy for all phases mentioned above. This model includes phase transformations and chemical reactions such as melting of pig iron and slag components, moisture evaporation, reduction of iron oxides, solution loss, coke and pulverized coal combustion, silica reduction and gas phase reactions. With this model, the transient behavior of the blast furnace process has been successfully predicted for different injection rates of pulverized coal.
Introduction
Various mathematical models of the blast furnace have been presented in previous literatures. [1] [2] [3] [4] However, no reported model considers explicitly the five major phases simultaneously interacting via multiphase chemical kinetics and physical change under unsteady state conditions, except the author's model. Some of the previous proposed models, for example, Takatani et al., 5) present some shortcomings which are overcome by this model, namely, the solid behavior is treated as a viscous fluid, a better assumption than a kinematic behavior as used in Takatani's model. Also in Takatani's model liquids are treated as possessing a vertically constant velocity. On the contrary, this model considers the fully description of the motion equation for every phase and also most of the previous models do not take into account the discrete behavior of the liquids and powders, assuming a pressure field in such phases. This model solves the continuity equation to solve the volume fraction of the discrete phases instead of applying the SIM-PLE algorithm (Semi Implicit Pressure Linked equations) to calculate a pressure and velocity correction for the momentum equations. Compared with the four fluid model, 4) this model is superior concerning about the separation of the slag and hot metal into two phases and then solves the motion and composition transport equations separately. Furthermore, the transient behavior is also considered here, expanding the applicability of that model.
In this paper, an unsteady state mathematical model is proposed which does consider multiphase chemical reactions, phase transformation, inter-phase momentum and heat transfer. The present model solves momentum, energy and chemical species for all phases considering the changes of phase properties such as thermal conductivity, diffusivity, reaction rates, viscosity, specific heat and so on. The purpose to construct this model is to demonstrate the feasibility of such an approach, where assumptions have been removed from the model as many as possible, while still retaining computational efficiency and reliability. Finally a computer code is developed, which is capable of simulating accurately the actual blast furnace operation and predicting the behavior of this reactor under a novel operation condition. Differing of the most previous models, the transient behavior of the blast furnace process is also treated in this model allowing to analyze the effects of varying boundary conditions, like injectants, blast temperature and charging distribution. The transient behavior of the blast furnace process has been predicted for different pulverized coal injection rates and has shown acceptable agreement with available measured results when the steady state is reached.
Model Formulation

Model Overview
The mathematical model is two dimensional, axisymmetric and unsteady state. It analyses the packed bed region within the blast furnace, from the surface of the slag in the hearth up to the burden surface in the throat. Unlike most previous models, this model considers multiple phases interacting simultaneously, including changes in physical properties such as density, viscosity, thermal conductivity, specific heat and diffusivity throughout the furnace for the lapse of time. The five phases in the packed bed region are gas, lump solids (usually consisting of coke and lump ironbearing materials), liquids (consisting of hot metal and molten slag) and powders (which include pulverized coal, fine coke, fine ore and flux). Each phase consists of one or more components having its own composition and physical properties. All phases are considered at the same time, giving a large set of strongly coupled governing equations. Compared with the four fluid model 4) this model consider the transient terms and the slag and hot metal are separated in two distinct phases interacting via source terms.
Conservation Equations
Governing conservation equations for all phases are expressed via a general conservation equation, represented by Eq. (1), which is independent of the coordinate system. ....... (1) Regarding source terms, the continuity and species equations have mass sources due to chemical reactions and phase transformations. Momentum sources arise from interphase drag and either pressure gradients (for continuous phases i.e. gas and lump solids) or gravity (for discontinuous phases i.e. liquids and powders). Enthalpy sources arise from inter-phase heat transfer, heat of reaction and sensible heat transfer accompanying mass transfer due to chemical reactions and phase transformations. The gas-solid drag uses Ergun's equation through a packed bed 10) in the vectorial form to take into consideration the influence of inclined alternating layers of burden materials.
The gas-liquid and gas-powder interaction forces are both represented by using a drag coefficient for particles moving in a fluid. 11, 12) Solid-liquid drag uses the KozenyCarmam equation. Detailed information about the source terms, the transfer coefficients and reaction rates for each equation can be found in previous reports. The phase properties are calculated using component properties, calculated from theoretical models. 34, 35) A summary of the source terms for the momentum equations are presented in Table 1 . The chemical and heat transfer source terms were previously published by the authors.
4)
Boundary Conditions/Assumptions
The boundary conditions applied to the proposed transient blast furnace mathematical model are given according to the nature of the boundary and are summarized in Table  2 . The phases and components considered are listed in Table 3 .
In order to solve the governing equations for all phases considered in this model the following assumptions were used:
• Gas and packed particles are treated as continuous phases and hot metal, slag and powders are discontinuous phases.
• Interaction between powders and liquid phases has not yet been considered.
• Dead man profile is prescribed. 35) The inter-phase interaction parameters considered in the model are shown in Fig. 1 . The double arrow indicates mu- 40 (2000) , No. 7 Table 1 . Source for the general transport equation-momentum transfer. tual interactions.
Method of Solution
The furnace is represented by a numerical grid of the body fitted coordinate (BFC) type. BFC grids can deform in order to accurately reflect the dead man, furnace profile and other irregular features in the blast furnace.
The governing equations are discretized over the numerical grid using the control volume method. [37] [38] [39] [40] [41] This reduces the differential equations to a large set of strongly coupled linear equations and this system has been solved using the line by line method due to interactive nature of these equations and efficiency in the numerical procedure.
The fully implicit method [35] [36] [37] [38] [39] [40] [41] was used due to the nonlinearity of the discrete equations. This method ensures numerical stability and allows the use of large time step which is a desirable feature dealing with blast furnace process.
Special mention is made for the method to solve the motion equations. The gas and solid phases are treated as continuous phases, possessing a phase pressure field. For such continuous phases, the model solves the equations of motion using the SIMPLE scheme of Patankar and Spalding for treating the pressure-velocity coupling. [37] [38] [39] [40] [41] Liquids and powders are treated as discrete or discontinuous phases, consisting of unconnected droplets or particulates. No phase pressure can be defined within a discontinuous phase thus the SIMPLE scheme cannot be applied. Alternatively, the continuity equation is used to calculate the phase volume fraction distribution. The additional information provided by the Eq. (2), is used to determine the gas volume fraction. The volume fraction of lump solids can be obtained from the empirical correlation for iron and coke. For numerical calculation of the coefficients in the discretized form of transport equation the power law scheme developed by Patankar was applied in order to evaluate the contribution of diffusive and convective terms as described below for a general coefficient:
Where l, Pe and Flow k are functions of grid parameters to take into consideration the transformation from a spatial coordinate (BFC) into a computational one. The flow chart of the proposed model is shown in Fig. 2. 
Results
Transient Results
The charging conditions for transient calculations of Table 2 . Boundary conditions applied to the blast furnace mathematical modeling. PCI: 60 kg/thm are shown in Figs. 3(A) and 3(B) , represented by volume fraction of solids components. As can be seen in Fig. 3(B) , the particle segregation of individual burden materials were also taken into consideration. The transient behavior of the process are well represented by the evolution of the top gas and hot metal average temperatures shown in Figs. 4(A) and 4(B) . These figures show that at the end of the calculation the rate of the state variables changes becomes small, then the steady state is obtained. The value of the hot metal temperature plotted in Fig. 4(B) , is averaged over the bottom surface of the calculation domain, where the liquid drops into the hearth zone. Therefore, this temperature is considered being higher than the tapping temperature in the actual blast furnace operation. Figure 5(A) shows the numerical grid arrangement used for this simulation. As can be seen in Fig. 5 (A) the finer grid was used in the raceway region to get accurate results for the raceway features. Figures 5(B) through 5(H) show transient solid temperature and reduction degree distributions for the initial condition stated together with boundary conditions specified for the blast furnace operation. Initially, a linear profile of temperature was assumed, then the calculation was performed showing the evolution throughout the time represented by Figs. 5(C)-5(H). It can be observed that the changes of the temperature and the reduction degree profiles are quickly converged in the upper zone while in the lower part the process takes a long time, reflecting the transient feature of the blast furnace. Figure 6 (A) shows the stationary solution for the hot metal temperature distribution. The hot metal dripping down around the raceway region assumes higher temperature due to the intense heat transfer process with the other phases. In the dead man the temperature of hot metal and slag dripping decrease to around 1 600°C. The starting temperatures of hot metal and slag dripping assumed for this calculation were 1 350 and 1 260, respectively.
Figures 6(B) and 6(C) show the gas and solid stationary temperature distributions. Similar distributions were obtained, difference is found only at the vicinity of the raceway. The stationary solution for the reduction degree is presented in Fig. 6(D) . The distribution obtained for the reduction degree reflects the charging distribution shown in Fig.  3(A) . Only coke is charged at the central region and iron ore is mainly charged in the intermediate and peripheral regions. The reduction degree distribution in Fig. 6(D) follows the temperature profile obtained for the solid temperature and vice-versa. Figure 7(A) shows the flow pattern of the molten metal and Fig. 7(B) presents the flow pattern for molten slag. As can be observed in these figures, the flow pattern predicted by the mathematical model for the slag and molten metal is quite different, justifying the separation into distinct phases. The slag velocity predicted is about four times lower than the hot metal. These differences are mainly justified by strong difference in slag and hot metal properties, namely viscosity, density and volume fraction. 
Validation
Temperature distributions for steady state condition were measured in an operating blast furnace under three different pulverized coal injection rates. temperature measurement was ceased. Therefore, higher temperature could not be compared in this paper.
The model has been validated against measured operational parameters associated with local temperature distribution measured for three different pulverized coal injections (PCI: 100 kg/thm; PCI: 200 kg/thm and PCI: 250 kg/thm). For all cases analyzed the model has predicted accurately the measured production rates, coke rate, slag rate and so on. Table 4 shows the comparisons for calculated and measured operational parameters for three cases analyzed. In Table 4 the mass balance for all phases were excellent, although for higher PCI the energy balance for powder phase did not close in the same order of accuracy. It may be attributed to the increase of unburned pulverized coal inside the blast furnace. Although a good accuracy has been obtained for the coke rate and hot metal production, the slag rate and top gas analysis were not satisfactory, it may be attributed to the operational parameters used as boundary conditions for the cases analyzed.
The first case of high pulverized coal injection analyzed was for PCI: 100 kg/thm. Figure 8 shows the charging parameters measured and used as boundary condition for the lump particles at the burden surface. As can be seen in these figures, coke was mostly charged in the central region of the blast furnace and ore in the peripheral region, these facts were reflected in the steady state temperatures calculated as shown in Fig. 9 . The comparison between the measured and calculated steady state temperature distribution shows a close agreement as can be verified through Fig. 10 . However, the isotherm of 300°C calculated for this case locates in higher position, compared with the measured one. The reason for this discrepancy may exist in the reaction rates used in the model. The rate expressions used were determined in the laboratory conditions, which did not reproduce perfectly the reaction rates proceeding in the blast furnace. Also, the burden materials degradation was not considered in this model which has notable importance in this range of temperature.
The second case analyzed was for PCI: 200 kg/thm. Figure 11 shows the charging distribution parameters used as boundary conditions. Figures 12(A)-12(E) show the temperature distributions for hot metal, slag, PCI solid and gas phases, respectively. The solid temperature distribution calculated is compared with that measured in Figs. 13(A)  and 13(B) . Again a close agreement between the temperatures calculated and measured were obtained for this case except for the isotherm of 300°C due to the same reason explained previously. Figures 14(A) and 14(B) show the Table 4 . Comparison between measured and calculated global parameters. top gas temperature distributions for PCI: 100 kg/thm and PCI: 200 kg/thm, respectively. For both cases a good agreement was obtained for the peripheral region, while for the central region the calculated values were systematically higher than the measured one. Figure 15 shows the temperature distributions for PCI: 250 kg/thm for all phases treated in this model and the comparison between the measured and calculated temperature © 2000 ISIJ pattern are presented in Fig. 16 . Considerable agreement with the measured data has been achieved for all cases analyzed. For the case of very high PCI the temperature pattern measured and calculated has shown high heat transfer caused by the significant increase of the volume of gas phase passing through the packed bed leading higher temperature in the upper part of the blast furnace. 
Conclusions
A mathematical model of the blast furnace has been developed which calculates the unsteady state composition, motion, and temperatures of gas, solid, hot metal, slag and powder phases. The model considers multiphase chemical reactions with rates calculated by kinetic equations. Unsteady changes in phase properties are also considered.
The transient behavior of the blast furnace together with parameters like top gas temperature, production rates, coke rate, slag rate and top gas analysis can be calculated by using this model. This model can be also useful for predicting the transient behavior of the blast furnace operation when some operational parameters are changed. Specially, this model can be useful to predict the effects of changes in quality and charging practice of burden materials such as sinter, iron ore, pellets and coke. 
